Abstract-In this paper we study the design and characterization of optical biosensors based on the integrated optics technology. The finite element based perturbation technique has been used to characterize the surface plasmon waveguide. The finite element based beam propagation method has been used to characterize the ring resonators. Some of the novel biosensor structures will be characterized and modal loss and sensitivity and selectivity of these biosensors are studied in detail.
INTRODUCTION
There is a significant need today for the better detection and analysis of chemical and biochemical substances, impacting on many important areas of life, including medicine, environmental monitoring, biotechnology, drug discovery and food monitoring and several major systems have been undertaken to study the interactions of bio-molecules. Such analysis methods can provide a clearer understanding of how proteins, encoded by DNA, interact with enzymes, inhibitors, or other proteins. Most of these systems use a reporter method to determine if two or more molecules interact. As a result these conventional methods of pathogen detection require a number of time-consuming steps to arrive at a useable measurement. However, the development and use of more effective biosensor technology could significantly reduce this time, as well as allow the detection of even smaller amounts of pathogens with fewer false positives.
Thus the field of biosensors has emerged as a topic of strong scientific interest and economic significance because of this requirement for better measurements in the above areas, added to which is the worldwide concern from the ever-present threats of chemical and bio terrorism. The constant health danger posed by new strands of microbial organisms and the spread of infectious diseases is another major concern requiring effective biosensing for detecting and identifying them to allow rapid remedial action. Biosensors offer several advantages over laboratory based methods, such as in situ real-time process monitoring and a high sensitivity to surface modifications, where most of the bioprocess takes place. Although biosensors using surface plasmon resonance (SPR) techniques, ellipsometry, evanescent wave methods, output grating couplers, and reflectance interference spectroscopy are adequately sensitive, they are still quite slow, often bulky, have limited functionality and are usually expensive.
Biosensors represent an application field outside communications technology where integrated optics is expected to play an increasing role and where it is already success commercially. The sensing is performed by the evanescent tail of the modal field into the bio-medium. This sensing operation consists of measuring the change of the effective index of a propagating mode when a change of refractive index takes place on the outer surface of the waveguide. The sensitivity of the measurement of the physical or chemical quantity present on the top surface of the waveguide structure depends on the strength and the distribution of the evanescent field in the top surface. The main design task in creating effective biosensors is therefore to find the waveguide structure which maximises the sensitivity on the quantity to be measured. There are several techniques that are currently being used to realise these biosensors. Photonic techniques offer significant possibilities for the development of such devices. One procedure is to make use of spectroscopic techniques for the precise spectrochemical analysis of the chemical species that are present in the biological material. Another is to allow the biological material to fall onto a sensor element, the properties of which are then detected optically. A further, commonly used technique uses the surface plasmon resonance (SPR) principle. It had already been used for several years to investigate organised organic mono-and multilayers on metal surface. A practical and effective method by which to excite the surface plasmon was initially suggested by Kretschmann in 1971. At the beginning of the 1980s Bo Liedberg et al., demonstrated that SPR in the Kretschmann configuration is well suited for both gas and biomolecular sensing purposes. Today SPR-based sensors are manufactured by Biacore, Graffinity Pharmaceuticals, IBIS, Nippon Lasers, and Prolinx for example. There are also resonant mirror based biosensors manufactured by Affinity Sensors commercially available in the market. The waveguide-based biosensors are the attractive candidates for the future and are manufactured and commercialised in the UK by our partner Farfield Sensors, and in Europe by Artificial Sensing Instruments.
However, the analysis of many complex binding events requires multiplexed detection systems that can be used to analyse many binding interactions simultaneously. Commercially available optical biosensors have been limited in their applications due to their small number of surfaces or spots that could be sensed simultaneously. This limitation can be overcome by using integrated optical waveguide biosensors based on the microring resonators with multichannel sensing devices on one chip with the potential for efficient referencing and multicomponent sensor analysis of complex samples. Microring resonators have been proposed as sensitive chemical sensors and biosensors due to their large Q factors. In these devices the high sensitivity is achieved because the light wave interacts many times with each pathogen as a consequence of the resonant circulation of light within the ring structure. The greater the proportion of guided power that passes through the analyte, the greater the sensitivity of the guided modes to changes in the analyte. Specificity of the detected substance can be achieved when a layer of antibodies or other binding materials is deposited onto the active area of the resonator.
This paper aims to develop new biosensor techniques, targeting determining and optimising the sensitivity and specificity of these biosensors for detecting multiple analytes. Microring resonators are used in communications applications but are new to most areas of sensing. The overall operating performance of the biosensor system will be studied and optimised in the design phase by using powerful and numerically efficient finite element time domain based full vectorial methods.
RESULTS
Initially the optical properties of metal-clad optical fiber with a finite cladding thickness, t is studied and effect of the outer cladding materials such as silica, air or acetone on the optical field have been considered. The variation of optical parameters of such structures due to the presence of materials that affect the modal field distribution can be utilized in optical sensor applications. Initially the variation in the effective index of the fundamental RP 01 SPM, for a fiber diameter of 4 µm, covered by a metal layer and further covered by silica, air or acetone as the outer cladding, has been studied and presented in Fig. 1 . From the above characteristics, it can be seen that for a larger metal thickness the effective index of the RP 01 optical mode with finite metal thickness is about the same as the effective index of the infinite cladding structure and is not affected by the materials in the outer cladding. For a large metal thickness, t, two SPMs exist at the two dielectric/metal circular boundaries, and when the two dielectric materials are different, their propagation constants are different, and therefore they do not interact to form a supermode. However, as the metal thickness, t, is reduced there is a stronger coupling between the SPMs and two supermodes, with odd-and even-like maximum field intensities at the two interfaces being formed. The first supermode has a higher propagation constant and is confined near the metal interface with the higher refractive index (in this case the inner interface) and has an odd-like field profile. On the other hand the second supermode is confined near the metal interface with the lower refractive index (in this case the outer interface) and has an even-like field profile. The even-like second supermode is dominated by the effective index of the outer metal dielectric interface, and being close to cut-off, as the metal thickness decreases, the even-like mode becomes unbounded. As can be seen from the effective index curves, shown in Fig. 1 , when the metal thickness, t, decreases below 50 nm, the effective index of the odd-like supermode increases rapidly. For the waveguides with acetone or air as the outer cladding, the effective index of the even-type SPM is below the cut-off and therefore is not presented here.
Next, a metal-clad fiber with D = 4 µm and a finite metal thickness, t, with acetone material around the metal cladding has been considered. The field profile of the fundamental H x oddlike optical supermode along the y-axis, for different values of the metal thickness, t, have been investigated and are shown in Fig. 2 . As can be seen from this figure, for a metal thickness of 0.2 µm (as shown by a solid line), the field profile has similar properties to those obtained for an infinite cladding fiber, where the field has a maximum intensity at the dielectric/metal interface and decays rapidly in the metal region, except a small negative peak is clearly visible at the copper/acetone interface, due to the weak coupling between the two non-synchronous SPMs. As the metal thickness decreases, the maximum field intensity increases anti-symmetrically at both the interfaces, with the highest maximum being at the silica/copper interface, and exhibiting the properties of an odd-like bounded and strongly coupled SPM in planar dielectric/metal/dielectric waveguide. The field profile is shown by a dotted line for a metal thickness, t = 0.01 µm. Figures 3 and 4 shows the inner and outer radially polarized surface plasmon modes at D = 4 µm. As can be seen from these figures the inner mode is more confined and the outer mode is more spread and much more circular. The superimposed field intensity from the H x and H y fundamental supermodes form the radially polarized RP01 mode, for a metal-clad silica fibre with a diameter, D = 4 µm and a metal thickness, t = 0.01 µm and a surrounding index of 1.34 is presented here. From Figure 4 it can be seen that the optical field decays in both the centre of the fibre and the outer cladding, with the anti-symmetric peak field intensities at the inner silica/copper (where the field is positive) and small negative peak (but this is not visible) at the outer copper/air interface. Figure 5 shows the effective index with the surrounding medium refractive index. In this case the surrounding medium index is varied from 1.30-1.42 to cover most of the materials that can be used in the biosensing applications. As can be seen from Figure 5 the outer surface plasmon effective index changes linearly with the increasing index values. As the metal thickness is small as the index value is increased it almost looks like a fibre with an infinite cladding. However, as the inner mode does not see the surrounding index the refractive index of the inner mode is not affected.
Next the attenuation characteristics of the above modes have been calculated using the vector H-field Finite Element Method with perturbation and the variation of the normalized attenuation constant, α/k 0 with the surrounding refractive index is presented for a fibre diameter of 4 µm in Fig. 6 . From this figure it can be seen that as the refractive index of the surrounding medium is increased the modal loss also increases as the mode starts to penetrate more into the surrounding medium. However the modal loss in the inner silica/copper boundary is constant over a range of surrounding index as the field does not see the outside index. The modal loss here is mainly due to the metal loss at the silica/metal inner interface. It can clearly be seen that as the outside index approaches that of the silica index the modal loss is at its maximum. However, to design practical biosensing devices a compromise must be found between the modal loss and the amount of penetration that is needed within the surrounding index medium. This can be attributed to the sensitivity of the biosensor that is needed for different bio medical applications. 
CONCLUSION
A finite-element variational-based vector formulation, in conjunction with the perturbation technique has been used to study detailed optical properties, such as the optical mode field distribution, the effective index and the attenuation constant of a metal-clad silica fiber, with finite metal-clad thickness surrounded by another outer cladding. The variations of the above optical properties with the change of the surrounding materials are very important in several applications, such as optical fiber sensors and biosensors. It has been shown here that a circularly symmetric metal-coated guide supports both vertically and horizontally polarized waves. However, due to the imposition of the electric-wall boundary conditions, at the vertical or horizontal interfaces, the resultant field H y and H x field profiles do not have rotational symmetry. However, these modes being degenerate, their superposition produces the typical RP 01 mode, which has rotational symmetry. By using a segmented metal cladding, the rotational symmetry can be broken, when the vertically and horizontally polarized waves would not degenerate, and a high modal birefringence or polarizationmaintaining waveguide thus can be fabricated. For a finite metal thickness, the SPMs exist at both the inner and outer interfaces. By adjusting the metal thickness and refractive index values of the cladding layers, the odd and even-type coupled SPMs can be formed and exploited for various bio sensing appplications.
